The skulls of archosaurs are morphologically and functionally diverse, with clade-specific 3 5 specialized features that set apart crurotarsans (extant crocodilians and their stem lineage) from 3 6 avemetatarsalians (birds and non-avian dinosaurs) (Gauthier, 1986; Benton & Clark, 1988;  3 7 Sereno, 1991; Juul, 1994; Benton, 1999; 2004; Irmis et al. 2007; reviewed in Brusatte et al. 3 8 2010b) . The evolution and diversification of the skull of archosaurs have been associated with 3 9 changes in the patterns of phenotypic integration and modularity (Sadleir & Makovicky, 2008;  4 0 Goswami et al. 2009; Hallgrímsson et al. 2009; Felice & Goswami, 2018; Felice et al. 2019;  4 1 reviewed by Klingenberg, 2008) . A differential integration among skull regions led to the 4 2 organization of the skull around anatomical modules that can evolve, function, and develop semi-4 3 independently from one another. Bones within a same module tend to co-vary in shape and size 4 4 more with each other than with bones from other such variational modules (Olson & Miller, 1958; 4 5 Wagner & Altenberg, 1996; Eble, 2005; Wagner et al. 2007 ). In addition, the bones of the skull 4 6 can also modify their physical articulations so that some groups of bones are more structurally 4 7 integrated than others, and hence, we can recognize them as distinct anatomical-network modules 4 8 (Esteve-Altava et al. 2011; Esteve-Altava, 2017) . The relationship between anatomical-network 4 9 modules and variational modules is not yet fully understood, but it is thought for network 5 0 anatomy to constrain growth patterns and shape variation (Chernoff & Magwene, 1999 ; Esteve-5 1 Altava et al. 2013b; Rasskin-Gutman & Esteve-Altava, 2018) . 5 2 5 3
There are three main hypotheses regarding the modularity of the skull of archosaurs. We 5 4
proposed earlier in Sanger et al. (2011) the Tripartite Hypothesis, which divides the skull into 5 5 three morpho-functional modules: the rostral, orbital, and braincase; we observed that patterns of 5 6 variation from Anolis divide the skull into anterior and posterior modules. Piras and colleagues 5 7 (2014) observed modules in crocodile skulls divide the skull into rostrum and postrostrum, based 5 8 on biological functions, such as biting. Finally, Felice and colleagues (2019b) found that 5 9 7 1 3 7
Number of network modules 1 3 8
The number of network modules identified in archosaur skulls ranged from one (i.e. fully 1 3 9 integrated skull) in adult birds Nothura maculosa (the spotted tinamou) and Geospiza fortis 1 4 0 (medium ground finch) to eight in non-avian dinosaurs Dilophosaurus wetherilli and Coelophysis 1 4 1 bauri (Table S12 ). The number of network modules within the studied taxa decreases during 1 4 2 evolution of both major archosaurian clades: from 6 (Riojasuchus tenuisceps) to 5 (Aetosaurus 1 4 3 ferratus, Desmatosuchus haplocerus, and Sphenosuchus acutus), and then to 4 (Dibothrosuchus 1 4 4 elaphros to all crocodilians) modules in Crurotarsi; from 6 (Citipati osmolskae and Velociraptor 1 4 5 mongoliensis) to 5 (Archaeopteryx), and then to 4 (Ichthyornis and juvenile modern birds) 1 4 6 modules in theropod-juvenile bird transition ( Fig. 5A and 5B, Table S12 ). Community detection 1 4 7 algorithms found no modular division of the skull in adult Nothura and Geospiza. Most likely 1 4 8 because these skulls are highly integrated due to the extensive cranial bone fusion in adults, 1 4 9 0 2002). Citipati also has fused skull roof (with fused interparietals), skull base, and face, marked 2 7 1 with fused internasal, intermaxillary, and the avian-like inter-premaxillary sutures. 2 7 2 2 7 3
Velociraptor, similar to other dromaeosaurids, has rostraolaterally facing eyes. Its prefrontal bone 2 7 4 is either absent or fused with the lacrimal while it remains separate in other dromaeosaurids 2 7 5 (Norell et al. 1994; Barsbold & Osmolska, 1999; Currie & Dong, 2001) . We observed a loss of 2 7 6 the prefrontals from Citipati to modern birds, but not in more ancestral archosaurs or crurotarsans. 2 7 7
Bones forming the Velociraptor basicranium, such as basioccipital, and basisphenoid are fused 2 7 8 with other members of the basicranium (listed in Table S6 ). Despite having a similar number of 2 7 9 bones and articulations to Citipati, the cranial bones in Velociraptor are more integrated with 2 8 0 each other and are more likely to connect to bones with a different number of articulations (i.e. 2 8 1 more disparity). Similar to Compsognathus and other primitive non-avian dinosaurs, Velociraptor 2 8 2 has an ancestral facial topology with separate premaxilla, maxilla, and nasal. The skull of Archaeopteryx occupied a region of the morphospace closer to non-avian dinosaurs 2 8 6 and crurotarsans than to juvenile birds (Fig. 3 ). The distance of Archaeopteryx from crown birds 2 8 7 and its proximity in the morphospace to Velociraptor and Citipati along the PC1 axis ( Fig. 3 ) 2 8 8 may reflect the evolving relationship between cranial topology and endocranial volume. In fact, 2 8 9
Archaeopteryx has an endocranial volume which is intermediate between the ancestral non-avian 2 9 0 dinosaurs and crown birds (Larsson et al. 2000; Alsono et al. 2004) and it is within the 2 9 1 1 3 plesiomorphic range of other non-avian Paraves (Balanoff et al. 2013 ). This makes Archaoepteryx 2 9 2 closer to dromaeosaurid Velociraptor than to oviraptor Citipati, for both its skull anatomy and its 2 9 3 endocranial volume (Balanoff et al. 2013) . Modifications related to the smaller endocranial 2 9 4 volume in Archaeopteryx include the unfused bones in the braincase, the independent 2 9 5 reappearance of a separate prefrontal after the loss in Paraves (Smith-Paredes et al. 2018), a 2 9 6 separate left and right premaxilla as observed in crocodilian snouts and ancestral dinosaurs, and 2 9 7 the presence of separate postorbitals, which might restrict the fitting for a larger brain (Bhullar et 2 9 8 al. 2012). 2 9 9 3 0 0
Relative to Archaeopteryx, Ichthyornis is phylogenetically closer to modern birds and occupies a 3 0 1 region of the morphospace near to the juvenile Gallus (Fig. 3 ), and to other non-avian theropods 3 0 2 when adult birds are removed . This is likely explained by the similar modular 3 0 3 division (as observed in Figs. 5B and 5D; Table S4 ), presence of anatomical features 3 0 4 characteristic of modern birds, such as the loss of the postorbital bones, the fusion of the left and 3 0 5 right premaxilla to form the beak, a bicondylar quadrate that form a joint with the braincase, and 3 0 6 the arrangement of the rostrum, jugal, and quadratojugal required for a functional cranial kinetic 3 0 7 system (Jollie, 1957; Bock, 1964; Clarke, 2004; Bhullar et al. 2016; Field et al. 2018 ). unfused face that resembles the anatomy of ancestral non-avian theropods. Unlike in non-avian 3 1 6 theropods, frontal, parietal, nasal, premaxilla, and maxilla eventually fuse with the rest of the 3 1 1 4 skull in adult birds. However, in the palatal region not all the sutures are completely closed: the 3 1 8 caudal ends of the vomers remained unfused in adult Nothura, which is a characteristic common 3 1 9
in Tinamidae (Silveria & Höfling, 2007) . A similar pattern of suture closure has been described in 3 2 0 another paleognath, the emu, in which the sutures of the base of the skull close first and then the 3 2 1 cranial and facial sutures close while palatal sutures remain open (Bailleul et al. 2016 ). The only 3 2 2 difference is in Nothura, in which closure of major cranial sutures (frontoparietal, interfrontal, 3 2 3 and interparietal) happens after the facial sutures closure. In summary, when compared with 3 2 4 neognaths, the skull of the paleognath Nothura is more homogeneous and complex in both 3 2 5 juvenile and adult stages. As the skull grows, its bones fuse and both its complexity and 3 2 6 heterogeneity increase. 3 2 7 3 2 8
Within the neognaths, the skull of Geospiza fortis is more complex and more homogenous than 3 2 9 either juvenile or adult Gallus gallus. Bones in Geospiza skull are more likely to connect with 3 3 0 bones with the same number of connections than Gallus in the juvenile stage, but this is reversed 3 3 1 in adult stage. This is because more bones connect with bones that have different number of 3 3 2 connections in Geospiza skull while Gallus skull becomes more irregular with age. These two 3 3 3 trajectories illustrate how the connectivity of each bone diversifies and becomes more specialized 3 3 4 within a skull as sutures fuse together, as predicted by the Williston's law. 3 3 5 3 3 6
Like crurotarsans, major transitions in Avemetatarsalia are associated with the fusion first of the 3 3 7 skull base, then the skull roof, and, finally, with the face (more details on Table S6 ). This is more 3 3 8 similar to the temporal pattern of sutural closure during ontogeny in the emu (skull base first, 3 3 9 skull roof second, facial third) than to that observed in alligator (cranial first, skull base second, 3 4 0 facial third) (Bailleul et al. 2016 ), suggesting the same mechanism for ontogeny may have been 3 4 1 co-opted in Avemetatarsalia evolution. 3 4 2 3 4 3 1 5
Ontogenetic differences in topology between birds and crocodilians 3 4 4
Our comparisons on network anatomy found that juvenile birds occupy a region of the 3 4 5 morphospace that is closer to the less derived archosaurs and crurotarsans than to that occupied 3 4 6 by adult birds (Fig. S1B and 2E ). Juvenile birds have a degree of anisomerism of skull bones, 3 4 7 which is more similar to their non-avian theropod ancestors. Their skull anatomical complexity is 3 4 8 closer to that in crurotarsans and non-avian dinosaurs, while the pattern of integration is closer to 3 4 9 that of adult birds. These similarities in complexity and heterogeneity may be explained by the 3 5 0 comparably higher number and symmetrical spatial arrangements of circumorbital ossification (Table S10 ). 3 5 9 1 6 and avemetatarsalia, interact as modules with ancestral heterogeneity and complexity will later 3 6 9 fuse and diversify to produce skulls of adult birds. Nevertheless, juvenile and adult alligators share the same cranial topology featuring similar 3 9 6 module compositions and both occupy a region of morphospace close to Crocodylus (Fig. 5D ; 3 9 7 Table S4 and S10). Such topological arrangement suggests that conserved molecular, cellular, 3 9 8 and developmental genetic processes underlie skull composition and topology in crocodilians. Finally, we observe some network modules where bones within the same modules in juveniles 4 1 7 will later fuse in adult birds, but not in A. mississippiensis ( Supplementary Information 5; Fig. 5E , 4 1 8 Table S4 ). For example, in Nothura, the bones grouped in the beak module in the juvenile 4 1 9 (premaxilla, nasal, parasphenoid, pterygoid, vomer, and maxilla) will later fuse during formation 4 2 0 1 8 of the upper beak in the adult. In A. mississippiensis, premaxilla, maxilla, nasal, lacrimal, 4 2 1 prefrontal, jugal, frontal, and ectopterygoid are also in the same juvenile snout module, but 4 2 2 remain separate structures in adult. These findings suggest that bones within the same module are 4 2 3 likely to fuse together in ontogeny but doing so is a lineage-specific feature. 4 2 4 4 2 5
Comparisons of juveniles and adults for extant birds and the alligator revealed ontogenetic 4 2 6 changes linked to the evolution of the skull organization in archosaurs. Whereas the anatomical 4 2 7 organization of the skull of juvenile alligators resembles that of adults, the anatomy of juvenile 4 2 8 modern birds is closer to that of non-avian dinosaurs than to that of adult avians in terms of 4 2 9 morphological complexity and anisomerism, probably due to the spatial arrangements of 4 3 0 ossification centres at embryonic stages (Rieppel, 1993; Maxwell & Larsson, 2009; Smith- We sampled extinct and extant species, and for some forms also adults and juveniles to account 4 6 2 for ontogenetic trends within archosaurs. Namely, adults Aetosaurus ferratus, Archaeopteryx 4 from crurotarsan archosaur to crocodile and 13 species represent the transition from theropods to 4 7 0 The tree was calibrated using the R package paleotree by the conservative "equal" method 4 7 9 (Brusatte et al. 2008; Lloyd et al. 2012) ; branching events were constrained using the minimum 4 8 0 dates for known internal nodes based on fossil data from Benton and Donoghue (2007) We built anatomical network models for each archosaur skull in our sample based on detailed 4 8 8 literature descriptions and CT scans of complete skulls (see Supplementary Information 1). Skull 4 8 9 bones were represented as the nodes of the network model and their pair-wise articulations (e.g. 4 9 0 sutures and synchondroses) were represented as links between pairs of nodes (Figure 1 ). Skull 4 9 1 network models were formalized as binary adjacency matrices, in which a 1 codes for two bones 4 9 2 articulating and a 0 codes for absence of articulation. Bones that were fused together without 4 9 3 trace of a suture in the specimens examined were formalized as a single individual bone. 4 9 4 4 9 5 Network Analysis 4 9 6 2 1 Following Esteve-Altava et al 2019, we quantified the following topological variables for each 4 9 7 network model: the number of nodes (N), the number of links (K), the density of connections (D), 4 9 8 the mean clustering coefficient (C), the mean path length (L), the heterogeneity of connections 4 9 9 (H), the assortativity of connections (A), and the parcellation (P). The morphological 5 0 0 interpretation of these topological variables has been detailed elsewhere (see Esteve-Altava et al. 5 0 1 2019; 2018). A summary is provided here. N and K represent the direct count of the number of 5 0 2 individual bones and articulations observed in the skull. D is the number of connections divided 5 0 3 by the maximum number of possible connections (it ranges from 0 to 1); D is a proxy measure for 5 0 4 morphological complexity. C is the average number of neighboring bones that connect to one 5 0 5 another in a network (i.e., actual triangles of nodes compared to the maximum possible): a value 5 0 6 close to 1 shows all neighboring bones connect to each other while a value close to 0 shows 5 0 7 neighboring bones do not connect to each other; C is a proxy measure for anatomical integration 5 0 8 derived from co-dependency between bones. L measures average number of links separating two 5 0 9 nodes (it ranges from 1 to N-1); L is a proxy measure of anatomical integration derived from the 5 1 0 effective proximity between bones. H measures how heterogeneous connections are in a network: 5 1 1 skulls composed of bones with a different number of articulations have higher H values. If all 5 1 2 bones had the same number of connections (i.e., H = 0), it means that all bones were connected in 5 1 3 the same way and the skull had a regular shape. A measures whether nodes with the same number 5 1 4 of connections connect to each other (it ranges from -1 to 1); H and A are a proxy measure for 5 1 5 anisomerism or diversification of bones. P measures the number of modules and the uniformity in 5 1 6 the number of bones they group (it ranges from 0 to 1); P is a proxy for the degree of modularity 5 1 7 in the skull. Calculating P requires a given partition of the network into modules (see next below). 5 1 8 Table S1 . Variance distribution across principal components 9 1 7 Table S2 . First and last occurrence dates used to calibrate phylogenetic tree 9 1 8 Table S3 . Internal nodes used for the phylogenetic tree 9 1 9 Table S4 . Composition of modules for each taxon 9 2 0 Table S5 . Categories of archosaurs based on capabilities of flight 9 2 1 Table S6 . List of major fusion of bones with other bones in archosaurs 9 2 2 Table S7 . Variation explained by each parameter 9 2 3 Table S8 . Comparison of network-modules with modular hypotheses 9 2 4 Table S9 . Distribution of bones based on modular hypotheses 9 2 5 Table S10 . Topological network parameters measured for each taxon 9 2 6 Table S11 . Network parameters categorized by diet 9 2 7 Table S12 . Number of modules, Q value, and Q expected error generated. 9 2 8 
